Background. The decreased immune response among elderly individuals results in reduced influenza vaccine efficacy. Strategies to improve vaccine efficacy in elderly individuals are needed. The goal of this study was to determine whether a cationic lipid/DNA complex (CLDC) can improve the efficacy of the trivalent inactivated influenza vaccine Fluzone in elderly nonhuman primates.
the CLDC adjuvant could improve the efficacy of a licensed TIV in elderly rhesus macaques.
MATERIALS AND METHODS

Animals
Elderly rhesus macaques (Macaca mulatta; age, 18-22 years) used in the present study were housed at the California National Primate Research Center in accordance with the regulations of the Association for Assessment and Accreditation of Laboratory Animal Care International Standards. The Institutional Animal Use and Care Committee of the University of California, Davis, approved these experiments. Animal vital signs were regularly monitored. For blood collection, animals were anesthetized with 10 mg/kg of ketamine hydrochloride (ParkeDavis) injected intramuscularly. For virus inoculation and sample collection, animals were additionally anesthetized with 15-30 µg/kg of medetomadine HCl (Orion Pharma) injected intramuscularly, and anesthesia was reversed with 0.07-0.15 mg/kg of atipamezole HCl (Pfizer) injected intramuscularly.
Virus Strains and CLDC Adjuvant
A human influenza virus A/Memphis/7/2001(H1N1) 10 6.5 50%
tissue culture infectious dose (TCID 50 ) stock used for all animal inoculations in this study has been previously described [11, 12] . By using Vector NTI Advance 11.0 (Invitrogen) , with the highest homology between the hemagglutinin (HA) sequences (99.6%). The CLDC adjuvant used in this study has been previously described [9] . CLDC was reconstituted in sterile water to 294 µg/mL and diluted in 5% dextrose in water (D5W) to 200 µg/mL. Each intramuscular vaccination consisted of 22.5 µg of HA per 0.25 mL of Fluzone added to either 0.25 mL of D5W (negative control for adjuvant) or 0.25 mL of the 200 µg/mL CLDC mixture.
Animal Vaccination, Inoculation, and Sample Collection
Twenty-seven elderly monkeys were assigned to one of 3 experimental groups (A, B, and C), with 9 animals assigned per group to achieve an even distribution of age and sex across all groups (Table 1) . At weeks 0 and 2, group A was vaccinated with Fluzone alone, group B was vaccinated with Fluzone mixed with CLDC, and group C remained unvaccinated. Blood samples were collected 1 week before vaccination, on the day of but just before vaccination, and 1, 2, 3, 4, 5, and 6 weeks after vaccination. At week 6 after vaccination (day 0 after challenge), animals were challenged with virus (1 mL instilled intratracheally, 1 mL dripped intranasally, and a drop onto each conjunctiva) [12] . Nasopharyngeal, tracheal secretions, and blood samples were collected 7 and 4 days before challenge and 1, 2, 3, 7, and 14 days after challenge from all animals by previously described methods [12] . Blood samples were also collected from 29 elderly monkeys and 69 juvenile monkeys (3-9 years old) to assess age-related differences in circulating lymphocyte populations.
Viral Replication Quantitation
As previously described [12] , infectious viral titers in respiratory secretions were determined by a TCID 50 /mL end point dilution culture assay, and the log 10 concentration of viral RNA copies in respiratory secretions was quantified by reversetranscription polymerase chain reaction.
Influenza Virus Antibody Enzyme-Linked Immunosorbent Assay
Antibody titers to detergent-disrupted A/New Caledonia/20/99 influenza A (Biodesign International) in plasma and respiratory secretions were determined by a 2-step screening and titration method previously described [12] . Although the assay is designed to assess immune responses to the H1N1 component of the TIV used in these studies, it would detect all vaccineinduced antibodies to H3N2 that bind conserved antigens in the H1N1 component of the vaccine.
Hemagglutination Inhibition (HAI) Assay
H1 subtype HA-specific antibody titers were estimated using the revised World Health Organization HAI test as previously described [12, 13] . The viral antigen used in the HAI assay was the A/Memphis/7/01 stock grown in 10-day-old embryonated chicken eggs (Charles River).
Determination of Peripheral Lymphocyte Concentration by Flow Cytometry
Complete blood counts were determined by use of a HORIBA Pentra 60+ electronic cell counter (Horiba Diagnostics), and a 100-cell differential white blood cell count was determined manually using slides stained with Wright-Giemsa. Lymphocyte phenotype was determined by modification of a previously described cell-surface-staining method [14] . Whole blood collected in ethylenediaminetetraacetic acid-containing tubes was directly labeled per the manufacturer's instructions (BD Biosciences) with anti-CD8-FITC or -APC (clone SK1), anti-CD4-APC (clone M-L200), anti-CD3-PerCP (clone SP34), anti-CD20-APC (clone L27), anti-CD28-PE (clone L293), anti-CD45RA-FITC or -PE (clone 5H9), anti-HLADR-FITC or -PE (clone G46.6), anti-CD25-PE (clone 2A3), and anti-β7-PE (clone FIB504). The absolute lymphocyte number in a lymphocyte subset was calculated by multiplying the percentage of each lymphocyte subset obtained by flow cytometry with the absolute number of total lymphocytes obtained from the manual differential count.
H1N1-Specific T-Cell Responses
For intracellular staining to detect influenza virus-specific T cells in peripheral blood mononuclear cells (PBMCs), previously reported methods were used [12, 15] .
Statistical Analysis
Data are reported as the mean and the standard error of the mean for each animal group, using Prism 5.0a software (GraphPad). Two groups were compared with a 2-tailed t test, and 3 groups were compared with a 1-way analysis of variance with the Tukey-Kramer post hoc test. Area under the curve (AUC) was calculated by Prism, using the trapezoid rule ΔX* (Y1 + Y2)/2, in which the area of a trapezoid under the curve is repeatedly calculated for a series of XY points with equally spaced X values.
RESULTS
Age-Related Reduction in the Naive Lymphocyte Population
To determine whether aged primates have blood lymphocyte populations that are similar to those of aged humans, we characterized the absolute number and relative frequency of total circulating lymphocytes, T cells, and B cells in 54 elderly and 69 juvenile macaques ( Table 1 ). The mean total number of lymphocytes in elderly monkeys was 1.6-fold lower than that in juveniles (P < .001). Although the mean number of CD8 + T cells in elderly monkeys was similar to that in juveniles, elderly monkeys had a 1.5-fold lower mean number of CD4 + T cells (P < .001) and a 1.9-fold lower mean number of B cells (P < .001; Table 1 ). The elderly and juvenile monkeys had a similar mean number of CD4 + central memory T cells (CD4 + T CM ) and CD4 + effector memory T cells (CD4 + T EM ). However, elderly monkeys had a 3.1-fold lower mean number of CD4 + naive T cells (CD4 + T N ), compared with juvenile monkeys (P < .001).
The relative frequency of peripheral CD4 + T cells was similar in both age groups, but compared with juveniles, elderly monkeys had a 20% decrease (P < .001) in the relative frequency of CD4 + T N and a 16% increase (P < .001) and 10% increase (P < . age-related changes in circulating lymphocytes of elderly monkeys, the most obvious being the reduced number of T N and CD20 + B cells.
To determine whether the Fluzone and Fluzone/CLDC recipients were immunologically similar, lymphocyte subsets were compared before vaccination (Table 1) . Although the numbers of effector CD4 + T cells and terminal effector CD8 + T cells were significantly higher in the blood of Fluzone/CLDC recipients, compared with those in the blood of Fluzone recipients, the numbers of total lymphocytes, B cells, and naive and central memory T cells were similar in the 2 groups (Table 1) .
Age-Related Reduction in α4β7 + Lymphocytes
To assess mucosal trafficking capability of T cells in elderly and juvenile monkeys, expression of β7-integrin on CD4 + and CD8 + lymphocytes were compared (Table 1) . Although lymphocyte homing to pulmonary tissues is poorly characterized [17] , high expression of α4β7-integrin on CD4 + and CD8 + T EM mediates migration into the gastrointestinal tract lamina propria by binding MADCAM on endothelial cells of the postcapillary venules [18, 19] , and an anti-α4β7 monoclonal antibody can block trafficking of α4β7 + cells to the gut of rhesus macaques [20] . In elderly monkeys, the mean number and relative frequency of CD4 + T EM cells was larger than that in juveniles. However, in elderly animals, the absolute number of β7 + CD4 + T cells was 1.5-fold lower (P < .01) and 13% less frequent (P < .001), compared with juveniles ( Table 1) . As with CD4 + T EM cells, the higher mean number and relative frequency of CD8 + T EM and T EMRA cells in elderly as compared to juvenile monkeys did not correlate with the number of β7 + T cells (Table 1 ). The reduced frequency and absolute number of β7 + T cells suggests that there is reduced capability for T-cell recirculation between immune inductive sites and immune effector sites in elderly macaques.
CLDC Enhances Anti-Influenza Virus H1N1 Antibody Responses in Elderly Monkeys After Fluzone Vaccination
To determine the effect of the CLDC adjuvant on Fluzoneinduced A/New Caledonia/20/99(H1N1) antibody levels in elderly monkeys, we compared mean anti-A/New Caledonia/ 20/99(H1N1) IgG and IgA titers and HAI antibody titers in plasma at weeks 2, 4, and 6 after vaccination, as well as mean AUC values 0-6 weeks after vaccination for each group (Figure 1 ). In addition, mean anti-influenza virus antibody titers in elderly monkeys were compared to previously published anti-influenza virus antibody titers of juvenile monkeys vaccinated with the same Fluzone vaccine [11] . There were no local, hematologic, or systemic signs that might indicate an adverse reaction to vaccination in either the Fluzone or Fluzone/CLDC monkeys (data not shown). As we have previously reported for juvenile monkeys [11] , all of the elderly animals in the present studies had plasma IgG antibodies to /01 at week 6 after vaccination. P values were generated using an analysis of variance and Tukey-Kramer post hoc test; *P < .05, **P < .01, ***P < .001. Open circles, elderly Fluzone-only recipients (n = 9); squares, elderly Fluzone/cationic lipid/DNA complex (CLDC) recipients (n = 9); asterisks, juvenile Fluzoneonly recipients (n = 6; data were previously published [11] and are inserted for comparison purposes). Abbreviations: AUC, area under the curve; GMT, geometric mean titer. A/New Caledonia/20/99(H1N1) [11] before vaccination ( Figure 1A) . After 2 vaccinations, anti-influenza virus IgG responses were detectable in all 9 Fluzone/CLDC recipients but in only 4 of 9 Fluzone-only recipients, and the responses were transient in 2 of the monkeys in the latter group ( Figure 1A) . In contrast, anti-influenza virus IgG responses are detected in every juvenile macaque after 1 Fluzone vaccination [11] ; thus, some elderly macaques are poor responders to Fluzone, but all macaques respond with addition of CLDC. The mean antiinfluenza virus IgG plasma antibody AUC in the elderly animals vaccinated with Fluzone/CLDC was 1.2-log 10 higher, compared with that in the elderly recipients of Fluzone only (P < .001; Figure 1A ). The addition of CLDC to Fluzone immunization increased the mean anti-influenza virus IgG antibody titer strength in a higher proportion of elderly monkeys at week 4 after vaccination (1.1 log 10 ; 78% vs 33%) and at week 6 after vaccination (1.2 log 10 ; 100% vs 44%; P < .001). Similarly, the mean HAI antibody titer AUC was 1.7-log 2 higher after Fluzone/CLDC vaccination, compared with Fluzone-only vaccination (P < .002; Figure 1C) . Finally, the HAI antibody titers in Fluzone/CLDC-vaccinated elderly monkeys were similar to the HAI antibody titers in juvenile monkeys vaccinated with unadjuvanted Fluzone [11] .
While all vaccinated animals had detectable anti-influenza virus IgA titers 1 week after boost, antibody titers in Fluzoneonly recipients steadily declined until only 2 had detectable levels on the day of challenge ( Figure 1B) . As in juvenile monkeys [11] , anti-influenza virus IgA responses in elderly monkeys vaccinated with Fluzone alone were weak and transient. In contrast, anti-influenza virus plasma IgA responses persisted in all 9 Fluzone/CLDC-vaccinated animals. Mean plasma IgA titers were higher in Fluzone/CLDC-vaccinated animals than in Fluzone-alone animals at week 4 (1.2 log 10 ; P < .01) and week 6 after vaccination, the day of challenge (1.3 log 10 ; P < .001). The plasma anti-influenza virus IgA mean AUC among the Fluzone/CLDC-vaccinated elderly animals was 1.1-log 10 times that among the elderly Fluzone-only recipients (P < .01; Figure 1B) .
Eight of 9 Fluzone CLDC-vaccinated monkeys had detectable IgG in tracheal samples, compared with only 3 of 9 Fluzone-only recipients (Figure 2A) . In Fluzone/CLDCvaccinated monkeys with detectable anti-influenza virus IgG antibody in tracheal secretions, the mean titer was 1.6-log 2 times that for Fluzone-only recipients (P < .01; Figure 2A ). Furthermore, a greater proportion of elderly Fluzone/CLDC recipients had anti-influenza virus IgA antibodies in nasal secretions, compared with elderly Fluzone recipients (56% vs 11%; Figure 2B) . A larger proportion of elderly Fluzone/CLDC recipients generated higher anti-influenza virus tracheal IgG and nasal IgA antibody titers than those produced by juveniles vaccinated with Fluzone only [11] .
CLDC Limits Influenza Virus-Specific Interferon γ (IFN-γ) Secretion by Peripheral Blood CD4
+ and CD8 + T cells
The effect of CLDC on H1N1-specific CD4 + and CD8 + T-cell responses after Fluzone vaccination were determined by intracellular staining of H1N1-stimulated PBMCs. Before vaccination, preexisting H1N1-specific CD4 + and CD8 + T-cell responses were detected in a similar proportion of animals in the vaccinated groups ( Figure 3A and 3B). At week 4 after vaccination (2 weeksafter boost), elderly Fluzone-only recipients had 1.3-log 10 more H1N1-specific CD4 + T cells (P < .01) and 1.0 log 10 more H1N1-specific CD8 + T cells (P < .05) than elderly Fluzone/CLDC recipients ( Figure 3A and 3B). The increased H1N1-specific CD4 + and CD8 + T cells in the blood at week 4 after immunization in the Fluzone-only recipients was due to 1.6-log 10 more days before A/Memphis/7/01 challenge. P values were generated using a 2-tailed t test. Data for juvenile Fluzone-only recipients were previously published [11] and are inserted for comparison purposes. Abbreviation: CLDC, cationic lipid/DNA complex.
IFN-γ-secreting CD4 + T cells (P < .01) and 1.2-log 10 more IFN-γ-secreting CD8 + T cells (P < .01) in this group than in Fluzone/ CLDC recipients ( Figure 3C and 3D) . Thus, in elderly monkeys, the addition of CLDC to Fluzone blunted the influenza virusspecific T-helper cell type 1 (Th1)-like T-cell responses by limiting the number of IFN-γ-secreting CD4 + and CD8 + T cells. The effect of CLDC on T-helper cell 2 (Th2)-like responses is unknown because we did not evaluate the number of T cells that secrete Th2 cytokines (interleukin 4, interleukin 6, or interleukin 10) in response to H1N1 stimulation.
Fluzone Vaccination does not reduce Influenza Virus Replication in Elderly Monkeys Without Addition of the CLDC Adjuvant
To determine the effect of CLDC on Fluzone efficacy, vaccinated elderly monkeys were challenged with A/Memphis/7/2001 (H1N1), and levels of virus in respiratory secretions were determined. The mean peak viral RNA, mean viral RNA AUC, mean peak TCID 50 /mL, and mean TCID 50 /mL AUC values in the tracheal secretions of Fluzone recipients and unvaccinated groups were not significantly different ( Figure 4A and 4B and Table 2 ). However, the peak viral RNA level was 1.2-log 10 lower (P < .05) and the mean viral RNA AUC was 2.0-log 10 lower (P < .001) in tracheal secretions of Fluzone/CLDC-vaccinated animals, compared with either Fluzone-only recipients or naive control animals ( Figure 4A ). Similarly, the mean peak TCID 50 /mL was 2.1-log 10 lower (P < .01) and the mean TCID 50 /mL AUC (P < .01) was 1.5-log 10 lower in tracheal secretions of Fluzone/ CLDC recipients, compared with unvaccinated monkeys ( Figure 4B and Table 2 ). Of note, infectious virus was isolated from the tracheal secretions of all Fluzone-vaccinated and unvaccinated animals after challenge, but infectious virus could only be isolated from tracheal secretions of 4 of 9 Fluzone/ CLDC recipients ( Figure 4B and Table 2 ). IFN-γ] , CD107a, perforin, and granzyme). C and D, Scatterplots indicate the total number of H1N1-specific IFN-γ-secreting T cells/mL of blood 0, 2, 4, and 6 weeks after infection. P values were generated using an analysis of variance and Tukey-Kramer post hoc test. *P < .05, **P < .01, ***P < .001. Open circles, elderly Fluzone-only recipients (n = 9); squares, elderly Fluzone/ cationic lipid/DNA complex (CLDC) recipients (n = 9).
The viral RNA AUC level in the nasal secretions of Fluzone/ CLDC recipients was at least 1.4-log 10 lower than that in either Fluzone-vaccinated or naive control animals (P < .01; Figure 4C ). Furthermore, in nasal secretions, mean peak TCID 50 /mL was 2.1-log 10 lower (P < .001) and the mean TCID 50 /mL AUC was 1.8-log 10 lower (P < .001) in Fluzone/CLDC recipients, compared with either Fluzone-only recipients or unvaccinated animals ( Figure 4D and Table 2 ). Thus, Fluzone alone did not reduce H1N1 virus replication in elderly monkeys. In comparison, juveniles vaccinated with Fluzone alone had a 1.3-fold reduction in mean viral RNA AUC in tracheal secretions (P < .01), compared with unvaccinated juveniles ( [11] and Carroll et al, unpublished data).
Correlates of Protection in Fluzone-Vaccinated Elderly Monkeys
Pearson's correlation analyses were used to determine the relationship between immune responses present on the day of challenge and the total viral RNA load and infectious virus peak level (data not shown) and the AUC in respiratory secretions. Plasma anti-influenza virus IgG and HAI antibody titers were inversely correlated with peak TCID 50 /mL, TCID 50 /mL AUC, and viral RNA AUC in both tracheal and nasal secretions (P < .03 at all time points; Table 3 ). Plasma anti-influenza virus IgA antibody titers were inversely correlated with peak TCID 50 /mL, peak viral RNA load, and TCID 50 /mL AUC in both tracheal and nasal secretions (P < .03 at all time points; Table 3 ). Furthermore, antiinfluenza virus IgG in tracheal secretions were inversely correlated with peak viral RNA load and viral RNA AUC in tracheal secretions (P < .04; Table 3 ). In contrast to the negative correlation between viral RNA levels and influenza virus-specific antibody titers before challenge, there was a modest positive correlation between viral RNA AUC in tracheal secretions and the number of influenza virus-specific CD8 + IFN-γ-secreting T cells in the blood (P < .05; Table 3 ).
DISCUSSION
The aged macaques used in this study had clear evidence of immune senescence. Levels of circulating lymphocyte populations, especially T N and CD20 + B cells, in the aged monkeys The total level of virus shedding was estimated by converting the longitudinal data from each animal into AUCs. P values generated using an analysis of variance and Tukey-Kramer post hoc test. *P < .05, **P < .01, ***P < .001. Circles, animals vaccinated with Fluzone (n = 9); squares, animals vaccinated with Fluzone/ cationic lipid/DNA complex (CLDC) (n = 9); triangles, nonvaccinated control animals (n = 9).
T-helper cell-dependent antibody responses that correlate with protection from disease [21] . Healthy young adult humans [2, 22] and juvenile macaques generate moderate antibody responses to Fluzone and have modest protection [2, 11] . However, we show that, similar to immunosenescent humans [23] , elderly macaques generate poor antibody responses to Fluzone and are not protected from challenge.
The addition of CLDC to Fluzone markedly enhanced vaccine immunogenicity and efficacy in elderly macaques. The CLDC adjuvant increased the strength and duration of all Fluzone-elicited anti-influenza virus antibody responses in a higher proportion of elderly monkeys. In fact, this vaccine produced plasma influenza virus-specific antibody titers in elderly monkeys that were similar to those in juvenile monkeys vaccinated e Mean values for the Fluzone/CLDC group are 6-fold higher than that for the Fluzone-only group (P < .05, by the 2-tailed t test).
f Mean values for the Fluzone/CLDC group are significantly lower than those for the Fluzone-only and unvaccinated groups (P < .01, by 1-way analysis of variance with the Tukey post hoc test).
with Fluzone alone [11] . The Fluzone/CLDC-induced immune responses protected elderly animals from viral challenge, as infectious virus in tracheal secretions was undetectable in most elderly animals, and viral RNA levels in tracheal secretions were very low [12] . As in Fluzone-vaccinated juvenile monkeys [11] , viral RNA load and infectious titers in respiratory secretions of elderly monkeys were inversely correlated with prechallenge anti-influenza virus IgG, IgA, and HAI titers in the plasma and with anti-influenza virus tracheal IgG titers. The immunogenicity of influenza vaccines in clinical trials is judged on the basis of a rise (>4-fold) in either HAI or serum antibody titers after vaccination [24] . However, very few elderly humans attain a 4-fold rise in antibody titer [25, 26] without a substantial increase of the HA dose in the vaccine [27] . Optimal virus-specific antibody production largely depends on both functional antigen-presenting cells and CD4 + T-helper cells.
However, human and nonhuman primate antigen-presenting cells demonstrate age-related dysregulated expression of pathogen-sensing receptors (Toll-like receptor and RIG-I), and the engagement of these receptors results in reduced ability to secrete cytokines (IFN-α, tumor necrosis factor, interleukin 6, and interleukin 12) [28, 29] . Increased frequency of CD8 + CD28 − T EMRA cells correlate with defective antibody responses to TIV [26] . These T EMRA cells produce IFN-γ but not interleukin 5 [30] and induce antigen-presenting cell tolerance to CD4 + T-helper cells through suppression of antigen-presenting cell costimulatory molecules [31] . Furthermore, low-to-no antibody responses following TIV receipt are associated with limited expansion of antigen-specific B cells because of reduced follicular Thelper cell activation [32, 33] . The mechanism of CLDC-enhanced immunogenicity remains unknown but may be related to enhanced antigen presentation, a dampened IFN-γ-driven Th1-type response to Fluzone, and a shifted immune response toward greater B-cell propagation and antibody production. b Area under the curve (AUC) for total H1N1 virus or infectious virus (TCID 50 / mL) detected in nasal or tracheal respiratory secretions. c r, the correlation coefficient, has a range of −1 to 1, with 1 denoting perfect correlation and −1 denoting perfect inverse correlation.
Notes
